Constitutive expression of p35 and p40 IL-12 mRNA was detected in splenic macrophages isolated from aged mice. Macrophages were also implicated as the cell type responsible for the dysregulated IL-6 and tumor necrosis factor (TNF)-α commonly observed to be constitutively produced by lymphoid cells from aged donors. A role for IL-12 in the aging process was suggested when it was found that recombinant IL-12 (rIL-12) directly stimulated splenic CD5 ⍣ B cells to secrete IL-10, and both CD5 ⍣ and CD5 -B cells could be directly induced to produce IL-6 in response to rIL-12. Furthermore, splenocytes from aged animals cultured in the presence of anti-IL-12 antibodies demonstrated a significant reduction in spontaneous IL-6, IL-10 and IFN-γ production. Based on these observations it was concluded that IL-12 might be responsible for the dysregulated production of IL-10 and IFN-γ known to occur in aged animals. Treatment of aged animals with low doses of dehydroepiandrosterone sulfate, previously established to be immunocorrective in immunosenescent animals, reduced the age-associated alterations in IL-12 mRNA and protein expression. The mechanisms responsible for the abnormal constitutive expression of inflammatory cytokines by the macrophages of aged animals may play an important afferent role in establishing the immunosenescent phenotype.
Introduction
Fidelity of the mammalian immune system is known to depend (6,7; Mu et al., unpublished observations) . We have further reported that B cells are the primary producers of the abnorupon the proper functioning of a subtle and well-balanced network of cytokines that control the survival, proliferation and mally expressed IL-10 (7) and that NK cells appear to be the major secretors of the dysregulated IFN-γ (Mu et al., differentiation of lymphocytes and other lymphoid and nonlymphoid cell types. As an individual ages the mechanisms unpublished observations) .
The dysregulated constitutive expression of IFN-γ by NK controlling this fragile network of cytokine production become altered, leaving elderly individuals with a reduced level of cells seen in aged animals led us to question whether IL-12, a cytokine capable of directly stimulating NK and T cells to immunocompetence (1) . It has been demonstrated that changes in both the inducible expression of many T cell produce IFN-γ (8) , might represent an additional cytokine whose production becomes dysregulated in aging. We cytokines as well as in the inducible production of several macrophage cytokines become dysregulated with age (2-5) . observed constitutive expression of p35 and p40 IL-12 mRNA in spleens and elevated levels of IL-12 protein in splenocyte These macrophage cytokines include tumor necrosis factor (TNF)-α, IL-6 and IL-1 (2,4,5) . We have previously demoncultures of aged animals. We further demonstrated that macrophages from aged donors appear to be the major source for strated that the cytokines IL-10, IFN-γ and IL-6 are all constitutively expressed by 'normal' lymphoid cells from aged animals IL-12 as well as for the dysregulated IL-6 and TNF-α. Our studies additionally determined that treatment of splenocytes cytometry, were also excluded from the study. The Internal Animal Care And Use Committee and the Animal Resource or purified B cells from adult mice with recombinant IL-12 in vitro directly stimulates IL-10 and IL-6 production. We were Center at the University of Utah guarantee strict compliance with regulations established by the Animal Welfare Act. able to also demonstrate that IL-12 acts predominantly on CD5 ϩ B cells to directly secrete IL-10. When splenocytes Dehydroepiandrosterone sulfate (DHEAS) supplemental from aged animals were cultured in the presence of anti-ILtherapy 12 antibodies, they showed a marked reduction in IL-10, IL-6 and IFN-γ production. Collectively, these results suggest DHEAS was purchased from Sigma (St Louis, MO) and used that an abnormal expression of IL-12 by macrophages may without further purification. For in vivo administration, DHEAS be responsible for the dysregulated IFN-γ, and might also be was dissolved directly in the drinking water at a concentration a contributor to the dysregulated IL-10 and IL-6 observed in of 100 µg/ml. Steroid supplemented drinking water was old age. prepared fresh on a weekly basis.
Culture of murine splenocytes Methods
Cells obtained from the spleens of mature adult or aged Mice animals were carefully cultured under serum-free conditions as indicated in the various experiments. Briefly, mice were Aged and adult female C57BL/6 strain mice were purchased from the National Institute on Aging. All animals were housed anesthetized with halothane and sacrificed by cervical dislocation. Single-cell suspensions were prepared from the in the University of Utah Animal Resource Center. Animals used in these studies were 1.5-3 (mature adult) or 18-24 spleens of these animals. The collected splenocytes were washed three times in Dulbecco's phosphate buffered saline months old (aged) at the onset of the experiments described. The Animal Resource Center at the University of Utah routinely and cultured at 4ϫ10 6 cells/ml in freshly prepared serumfree medium consisting of RPMI 1640, 1ϫNutridoma-SR monitors for the most prevalent murine pathogens and employs sentinel animals as a means for early detection of Following incubation, the bead-associated cells were isolated using a Dynal Magnetic Particle Concentrator and subjected to mRNA extraction. The non-adherent cells were subjected to FACS analysis to determine effectiveness of depletion.
T cell isolation. F4/80-negative splenocyte populations were incubated with a cocktail consisting of biotinylated anti-CD3, anti-CD4 and anti-CD8 antibodies (PharMingen) at 0.1 µg antibody/50 µl 5% FCS-DPBS for 20 min on ice. Following a extraction. The non-adherent cells were subjected to FACS analysis to determine effectiveness of depletion.
T cell enrichment. Freshly isolated splenocytes (1ϫ10 6 cells/ for 24 h at 37°C in an atmosphere of 5% CO 2 in air. Cell culture supernatants were then collected for quantitative 50 µl 5% FCS-DPBS) were incubated with a cocktail consisting of biotinylated anti-B220 and F4/80 antibodies (PharMingen) evaluation of immunoactive cytokines by ELISA.
at 0.1 µg antibody/50 µl 5% FCS-DPBS for 20 min on ice. Capture ELISA for quantitation of IFN-γ, IL-6, IL-10 and IL-12
Following an extensive washing with PBS, cells were then subjected to the bead depletion with streptavidin Dynabeads. The protocol used to quantify immunoreactive murine IL-2, IL-4, IL-6, IL-10, IL-12 and IFN-γ represents a slight modificaFollowing incubation, the beads were removed and the remaining cells were separated for use in culture, mRNA tion of the protocol reported by Schumacher et al. (9) and has been reported in detail previously (10) . Monoclonal rat extraction or FACS analysis. anti-murine cytokine antibodies and murine recombinant IL-2, IL-4, IL-6, IL-10, IL-12 and IFN-γ cytokine standards were B cell enrichment. Freshly isolated splenocytes (1ϫ10 6 cells/ 50 µl 5% FCS-DPBS) were incubated with a cocktail consisting purchased from PharMingen.
of biotinylated anti-NK1.1, anti-CD3, anti-CD4, anti-CD8 and RT-PCR for the identification of cytokine mRNA F4/80 antibodies (PharMingen) at 0.1 µg antibody/50 µl 5% FCS-DPBS for 20 min on ice. Following an extensive washing RNA was prepared by the method of Chomczynski (11) and RT-PCR was performed as previously described by Spencer with PBS, cells were then subjected to the bead depletion protocol. Following depletion, the cells were separated for et al. (7) . PCR was carried out with adaptations for rapid cycling with the 1605 air thermocycler (Idaho Technology, use in culture, mRNA extraction or FACS analysis. Idaho Falls, ID). PCR conditions were: denaturation, 94°C for 1 s, annealing, 59°C for 1 s, and elongation, 72°C for 8 s.
Separation of CD5 ϩ and CD5 -B cells. Purified B cells obtained as described above were cultured in serum-free medium for Sixteen cycles were performed for β-actin, 25 cycles were performed for IL-10, and 28 cycles were performed for IL-12 5 h. Following culture, the cells were incubated with anti-CD5 antibody (PharMingen) at 0.1 µg antibody/50 µl 5% FCS-(both p35 and p40) and IL-6. Gene-specific sequences were derived from GenBank submissions. Oligonucleotides used DPBS for 20 min on ice. After washing with PBS, the cells were incubated at a 1:1 bead/cell ratio two times for 20 min for these analyses are as follows: β-actin: 5Ј-GGG TCA GAA each with agitation at 4°C with streptavidin Dynabeads. Both water (100 µg/ml) can cause a reversal in many of the altered the bead-adherent CD5 ϩ and the non-adherent CD5 -B cells immune functions used to define immunosenescence (13). were subjected to mRNA extraction and RT-PCR.
These alterations include a reduction in age-associated constitutive and activation-induced overproduction of IL-6, IL-10 Flow cytometry and IFN-γ (2,7; Mu et al., unpublished observations). Flow Cytometry was performed in order to determine the Spleens were obtained from mature adult (2 months), aged purity of cell populations following Dynabead depletions as (25 months) and DHEAS-treated aged C57BL/6 strain mice. previously described by Spencer et al. (7) .
Spleen fragments were immediately frozen in liquid nitrogen and mRNA was prepared for RT-PCR analysis as described in the Methods. As shown in Fig. 1 , minimal IL-12 p35 and Results p40 mRNA was detectable, as analyzed by RT-PCR, in mRNA Elevations in 'resting' macrophage IL-12 p35 and IL-12 p40 isolated from splenocytes of mature adult mice. In contrast, mRNA levels are observed in aged mice a large amount of both IL-12 p35 and IL-12 p40 mRNA was present in the mRNA samples of splenocytes obtained from Our initial experiments evaluated whether differences in p35 aged animals. Markedly reduced levels of both IL-12 p35 and p40 IL-12 mRNA expression occur between young, aged and IL-12 p40 mRNA were observed in the mRNA samples and aged animals treated with DHEAS. We have previously reported that providing DHEAS to aged mice in their drinking isolated from DHEAS-treated aged animals. Additionally, as determined by ELISA, bioactive IL-12 was elevated in the 24 h culture supernatants of splenocytes from aged animals compared to IL-12 levels from identical supernatants of splenocytes obtained from mature adult and DHEAS-treated animals (Fig. 1B) .
We next questioned which cell type(s) are responsible for the elevated IL-12 mRNA expression in splenocytes from aged animals. Because we did not yet know which cell types were responsible for elevated IL-6 and TNF-α expression observed in old age, we evaluated the same cell types for mRNA expression of these cytokines as well. Spleens were removed from mature adult (3 months) and aged (24 months) C57BL/6 strain mice and dissociated into single-cell suspensions. Macrophages were positively selected from the splenocyte preparations by incubation with biotin-labeled F4/80 followed by adherence to streptavidin-coated Dynabeads. The positively selected cells were used to prepare mRNA for RT-PCR analysis. The remaining cells that lacked the F4/80 marker (primarily T cells and B cells) were incubated with a cocktail of biotin-labeled T cell-specific antibodies (anti-CD3, anti-CD4 and anti-CD8) and subjected to a second round of Dynabead selection. mRNA was extracted from both the enriched T cell (cells adhering to the Dynabeads) and the enriched B cell (cells non adherent to the Dynabeads) populations. As shown in Fig. 2 , RT-PCR revealed that the macrophage population was the predominant source of ageassociated elevations in IL-12 as well as IL-6 and TNF-α mRNA.
IL-12 directly stimulates splenocytes to produce IL-10 and IL-6 as well as IFN-γ Splenocytes isolated from mature adult (8 weeks) C57BL/6 strain mice were cultured overnight in serum-free medium in the absence or presence of varying amounts of murine rIL-12. Supernatants were collected after 24 h and quantitatively analyzed for IL-2, IL-4, IL-6, IL-10 and IFN-γ by capture ELISA. Figure 3 shows that splenocytes cultured in the presence of rIL-12 respond in a dose-dependent manner to produce IL-10 ( Fig. 3A) and IL-6 (Fig. 3B) as well as IFN-γ (Fig. 3C ). IL-2 (Fig. 3D ) and IL-4 (Fig. 3E) were not detected in the culture supernatants of rIL-12-treated cells. rIL-12-treated splenocytes cultured in the presence or absence of 10 µg/ ml polymyxin B demonstrated identical levels of IL-10, IL-6 and IFN-γ indicating that the observed presence of these cytokines in the culture supernatants was not a result of lipopolysaccharide contamination (data not shown). Additionally, no cytokines were induced in splenocytes treated with heat-inactivated rIL-12 (10 min at 100°C) (Fig. 3A-C) . Although we consistently see IL-10 and IL-6 following the exposure of splenocytes to rIL-12, the levels of these cytokines are lower while the levels of IFN-γ are similar to those attained (Fig. 4A-C) .
from normal mature C57BL/6 mice were incubated in serum-free medium for 24 h in the presence of 10 ng/ml IL-12, 1 µg/ml anti-CD3 IL-12 directly stimulates B cell production of IL-10 and IL-6 or 10 µg/ml lipopolysaccharide. Supernatants were analyzed by Spleens were removed from a group of mature adult C57BL/ as determined by flow cytometric analysis (data not shown). Enriched T cell and B cell populations were cultured overnight under serum-free conditions in the presence or absence of varying amounts of rIL-12. Figure 5 demonstrates that low levels of rIL-12 directly induce B cells to produce both IL-10 ( Fig. 5A ) and IL-6 (Fig. 5B) . At the higher doses of rIL-12, T cell-enriched cell fractions were also found to produce some IL-10 (Fig. 5A ). As expected, T cell-enriched populations responded to rIL-12 by producing IFN-γ (Fig. 5C) . No IL-2 or IL-4 was detected in the culture supernatants from either the T-or B-enriched cell populations (data not shown).
B cell expression of IL-6 and IL-10 mRNA following exposure to rIL-12 was next evaluated kinetically. Purified B cells obtained as previously described were cultured in serum- while the expression of IL-10 mRNA peaked at~8 h. CD5 ϩ B cells have been previously demonstrated to be a production in response to polyclonal stimulants (data not shown). major source of B cell IL-10 (21). This led us to evaluate whether rIL-12 targets this subpopulation of B cells to directly produce cytokines. Purified B cells obtained as previously Discussion described were cultured in serum-free medium in the absence or presence of 10 ng/ml of rIL-12 for a 5 h period. Following
Findings from the present study demonstrate that a dysregulation occurs in the normal control of IL-12 gene and product this initial culture period, CD5 ϩ B cells were separated from CD5 -B cells. mRNA was then isolated from the CD5 ϩ -and expression in aged animals. mRNA for p35 and p40 IL-12 was determined to be markedly elevated in spleen cells of CD5 --enriched fractions of cells. As shown in Fig. 7 , the RT-PCR analysis revealed that rIL-12 preferentially stimulates aged animals. Additionally only very low levels of p40 and p35 IL-12 mRNA were detected in the spleens of mature CD5 ϩ B cells to directly produce IL-10 (Fig. 7A ) while both CD5 ϩ and CD5 -B cells were directly stimulated by rIL-12 to adult or from DHEAS-treated aged animals. Furthermore, IL-12 product was elevated in the culture supernatants of produce IL-6 (Fig. 7B) . The presence of IL-6 mRNA in the mature adult B cells suggests that the manipulation of the splenocytes from aged animals and reduced in aged animals treated with DHEAS. cells needed for Dynabead enrichment might result in some activation of the cells.
Although recent reports exist which have concluded that macrophage function is refractory to the aging process (14), Anti-IL-12 treatment of splenocyte cultures from aged animals recent evidence indicates that some biochemical processes abolishes spontaneous IFN-γ production and reduces the within macrophages change with age and may be responsible spontaneous IL-10 and IL-6 production for some aspects of immunosenescence (15). Our data supports this latter view and demonstrates, for the first time, Spleens were removed from mature adult and aged C57BL/ 6 mice. Splenocytes were cultured in the presence of varying that macrophages from aged animals are constitutively expressing cytokines that are not expressed by 'normal' concentrations of anti-IL-12 antibodies in serum-free medium in the absence of any overt stimulation for 24 h. The culture macrophages of mature adult animals. We have now determined that macrophages represent the primary source of supernatants were analyzed for the presence of IL-6, IL-10 and IFN-γ by ELISA. As seen in Fig. 8 , age-associated the abnormally expressed IL-12 as well as IL-6 and TNF-α observed in aged animals. spontaneous IL-10 (Fig. 8A ), IL-6 (Fig. 8B) and IFN-γ (Fig. 8C ) production was reduced in splenocytes cultured in the pres-IL-12 was capable of directly activating CD5 ϩ B cells to produce IL-10 without any other overt stimulation. CD5 ϩ B ence of IL-12 neutralizing antibodies. Splenocytes from both mature adult and aged animals cultured in the presence of cells are a small subset of B cells representing Ͻ5% of total splenic B cells in mature adult animals (16,17). The low levels the neutralizing antibodies remained viable as determined by Trypan exclusion and their ability to generate cytokine of IL-10 produced by splenocytes from mature adult donors in response to IL-12 (Figs 3A and 4A) might be explained by (24) and in certain types of cancer (25) including B cell lymphocytic leukemia (26) . Increased B1 cell numbers and the fact that only a very small fraction of the total cells in culture were responding to the IL-12. The present finding that activity also closely correlate with increased levels of autoreactive antibodies in these clinical conditions (23) (24) (25) (26) . Recently, IL-12 can directly stimulate CD5 ϩ B cells to produce IL-10 correlates with our previously reported finding that the major it has been demonstrated that activated B1a cells require IL-12 IgG, IgA and IgM production (27) . These observations source of the age-associated dysregulation of IL-10 is the B cell (7). and our data, taken together, suggest that IL-12 might be involved in the augmentation of the activities of autoreactive The numbers of CD5 ϩ B cells (also known as B1a cells) are known to increase as an individual ages (16,18,19) and B1 cells which are present in increased numbers with autoimmunity and aging and could thus represent a contributing reasons for this phenomenon are not fully understood. This subset of lymphocytes, characterized by the expression of factor to these clinical conditions. IL-12 might also be contributing to the observed age-CD5, is functionally indistinct from the 'sister' B1b cell population which does not express the CD5 molecule (16,17). Both associated dysregulation of several cytokines. As mentioned, IL-12 is capable of stimulating NK cells to produce IFN-γ (28) populations (together they are the B1 cells) of lymphocytes have been implicated in the production of autoreactive or and these cells are also the major producers of the ageassociated dysregulated IFN-γ production, suggesting that self-reactive antibodies (20). Additionally, activated B1 cells have been reported to be major cellular producers of IL-10 IL-12 could be contributing to the elevated IFN-γ levels observed in old age. The ability of anti-IL-12 neutralizing (21). Increases in B1 cell numbers and activity have been observed to occur in several clinical conditions such as antibodies to reduce the spontaneous IL-10, IL-6 and IFN-γ produced by splenocytes from old animals ( Fig. 8 ) suggests rheumatoid arthritis (22, 23) , systemic lupus erythematosus
